Inadequately designed culverts are known to pose hydraulic barriers to fish passage, 14 but they may also be behavioural barriers if they adversely affect light levels within them. To 15 test this, we performed a choice experiment and quantified the amount of time individuals of 16 four Australian fish species spent in darkened and illuminated areas of an experimental 17 swimming fume. Behavioural responses were reflective of the species' diel activity patterns; 18 diurnal species preferred illuminated regions, while nocturnal species preferred the darkened 19
Introduction 28
Comprising less than one percent of surface waters, freshwater ecosystems support Fathead Minnow and common galaxias in Australia, are unaffected by reduced light levels in 73 civil structures (Fjeldstad et al. 2018; Amtstaetter et al. 2017; Kozarek et al. 2017; Gowans et 74 al. 2003; Rogers and Cane 1979) . These conflicting accounts of the effect of light on fish 75 movement suggest a range of species-specific behavioural responses to different lighting 76 conditions (Fjeldstad et al. 2018; Amtstaetter et al. 2017; Kozarek et al. 2017; Gowans et al. 77 2003; Rogers and Cane 1979) , with such variability also indicating that our understanding of 78 the effects of altered lighting regimes on fish movement is poor, despite this issue being 79 raised in several fish passage guidelines (e.g. Fairfull and Witheridge 2003; Franklin et al. 80 2018). 81 Accordingly, research is required to better understand the potential for low light levels 82 within culverts to impact fish movement and behaviour to inform the regulation of new 83 culvert structures and to guide the remediation of existing structures. The aim of this study 84 was to quantify the effect of reduced light levels on the movement behaviour of four species 85 of small-bodied or juvenile Australian native fish. We chose two small-bodied species, Fly-86 specked Hardyhead (Craterocephalus stercusmuscarum) (Günther, 1867) and Australian 87 Smelt (Retropinna semoni) (Weber, 1895) , both of which have maximum adult sizes of 7 cm. 88 We also included juveniles of two large-bodied species, Australian Bass (Macquaria 89 novemaculeata) (Steindachner 1866) and Silver Perch (Bidyanus bidyanus) (Mitchell 1838) 90 that have respective maximum adult sizes of 60 and 40 cm. Three of the species, Fly-specked 91 Hardyhead, Australian Smelt and Silver Perch, are more active during the daytime 92 (Baumgartner et al. 2008; Clunie and Koehn 2001; Mallen-Cooper 1999; Stuart and Mallen-93 Cooper 1999), while Australian Bass are generally crepuscular but can be active at other 94 times of the day and night (Harris 1985; Smith et al. 2011) . We hypothesised that Fly-95 specked Hardyhead, Australian Smelt and Silver Perch would prefer an illuminated 96 environment, and that Australian Bass would prefer a darker environment. We then aimed to establish the minimum lighting thresholds for the species that displayed a preference for an 98 illuminated environment. Finally, we placed these light threshold values into context by 99 comparing them with light levels measured within existing culverts in south-east Queensland, 100 Australia.
102

Methods
103
Fish collection and husbandry 104 Juvenile Australian Bass (n = 40; TL: mean ± SD 73.4 ± 8.7 mm;) and Silver Perch (n 105 = 70; mean ± SD 65.95 ± 16.6 mm) were sourced from commercial hatcheries. Adult Fly-106 specked Hardyheads (n = 110; mean ± SD 48.9 ± 4.7 mm) were supplied by a commercial 107 collector (Aquagreen, Howard Springs, Northern Territory), from the Howard River, 108 Girraween Road Crossing, Northern Territory (12°31'51"S 131° 07'41"E). Adult Smelt (n = 109 60; mean ± SD 42.45 ± 6.5 mm) were collected using nets at Cedar Creek and Moggil Creek, 110 Brisbane, Queensland (27°19'28.6"S 152°47'39.1"E and 27°30'16.1"S 152°55'50.1"E, 111 respectively).
112
The fish were housed at the Biohydrodynamics Laboratory at the University of 113 Queensland (Brisbane, Queensland, Australia). Fish were kept with conspecifics in 40 L glass 114 aquaria that formed part of a 1000 L recirculating system with mechanical and biological 115 filtration and UV sterilization. The water temperature was maintained at 25°C ± 1°C. Fish 116 were fed commercial aquaculture pellets (Ridley, Brisbane Australia) and exposed to a 12-117 hour light-dark cycle provided by overhead LED aquarium lighting. The ambient light 118 intensity was measured at the water level of the housing aquaria using a photometer (Extech 119 HD450, New Hampshire, U.S.A.), which averaged 2535 ± 238.6 lux (mean ± SD).
Lightdark behavioural trials 122
Behavioural trials were performed on all four species in a 12-metre hydraulic channel 123 (12.0 x 0.5 x 0.3 m). The light around and within the channel was controlled using blackout 124 plastic sheeting to create an environment with zero ambient light (0 lux). The integrity of this 125 screen was checked before starting trials each day to ensure no external light sources were 126 present. Half of the channel was illuminated using 4000 K correlated colour temperature LED 127 lighting (Atom 56-watt batten, China) and the other half left darkened. The light intensity 128 above the illuminated half was set to 2535 lux, the same as above the housing aquaria. A 129 sharp light-dark transition point was achieved by dividing the darkened area around the 130 channel with black plastic. This included the space within the channel above the waterline.
131
Four treatments were required to control for the direction of water flow in the channel 132 that could not be changed, and the illuminated state (light or dark) of the release point ( Fig.   133 1). The first two treatments were with the downstream half of the channel illuminated and the 134 upstream dark. Ten fish per species were randomly allocated to each treatment for each trial. Given that both Fly-specked Hardyhead and Australian Smelt displayed strong 211 avoidance of the darkened environment in the channel, we gradually increased the 212 illumination in the darkened (treatment) zone to determine the light threshold that would 213 encourage these species to enter. Overall, the number of individuals entering the treatment 214 region of the channel increased with increasing illumination (F(1, 168) = 28.921, p < 0.001) 215 (Fig. 3) . It is worth nothing that while fish length did not have a statistically significant effect 216 on the number of individuals entering the darkened treatment zones, length is potentially 217 biologically significant with more larger fish entering at lower light levels (p = 0.056). Smelt and Fly-specked Hardyhead, respectively. We found that lighting levels at the culvert 232 entrance/exit averaged 70.9 ± 44.8 lux (mean ± s.d.; range: 5.6 -123.1 lux; Table 1 ). In all 233 culverts, light levels dropped to less than 3 lux in the centre (0.6 ± 0.8 lux; range 0 -2.3 lux). our study, which also employed a sharp transition from light to dark, suggests this may not 277 have been a constraining factor influencing the movement of the four fish species we 278 examined. We found that amongst the species that showed a distinct light-dark preference 279 response, nearly all individuals rapidly moved to their preferred illumination zone, regardless 280 of the flow orientation or illumination state at the release point. While the sharp light gradient 281 did not appear to completely restrict their initial movement into or out of the dark zone, 282 further work will be required to determine if the abrupt light-dark transition influenced 283 subsequent use of the space by the fish.
284
To determine the prevalence of prohibitively low light levels for fish passage in Our study showed that light levels affected the movement behaviour of three 
